Giving C57BL/6 mice 10 4 PFU of coxsackievirus B3 (H3 variant) fails to induce myocarditis, but increasing the initial virus inoculum to 10 5 or 10 6 PFU causes significant cardiac disease. Virus titers in the heart were equivalent at days 3 and 7 in mice given all three virus doses, but day 3 titers in the pancreases of mice inoculated with 10 4 PFU were reduced. Tumor necrosis factor alpha (TNF-␣) concentrations in the heart were increased in all infected mice, but cytokine levels were highest in mice given the larger virus inocula. TNF-␣ ؊/؊ and p55 TNF receptor-negative (TNFR ؊/؊ ) mice developed minimal myocarditis compared to B6;129 or C57BL/6 control mice. p75 TNFR ؊/؊ mice were as disease susceptible as C57BL/6 animals. No significant differences in virus titers in heart or pancreas were observed between the groups, but C57BL/6 and p75 TNFR ؊/؊ animals showed 10-fold more inflammatory cells in the heart than p55 TNFR 
Cytokines clearly play an important role in myocarditis pathogenicity whether induced by immunization with cardiac myosin (experimental autoimmune myocarditis) or by virus infection (20-22, 24, 25, 29) . Exogenous administration of tumor necrosis factor alpha (TNF-␣) and interleukin-1 (IL-1) promotes coxsackievirus B3 (CVB3)-induced myocarditis in otherwise disease-resistant mice (21, 22, 25) , while neutralization of endogenous TNF-␣ protects against myosin-induced myocarditis (27) . The effect of TNF-␣ in myocarditis is somewhat controversial, however, since TNF-␣ protects against encephalomyocarditis virus (EMCV)-induced myocarditis (29) and EMCV-induced encephalitis (26) . Differences in the role of TNF-␣ between CVB3 and EMCV likely reflect the different roles of the immune system in diseases caused by the two picornaviruses. In the model of CVB3-induced myocarditis presented here, cardiac injury is dependent on V␥4 ϩ cell responses which facilitate the activation of autoimmune CD8 ϩ T cytolytic cells (18) . These autoimmune CD8 ϩ T cells are the dominant pathogenic effectors in myocarditis (13) . Thus, any factors which promote CD1d expression in the heart should aggravate CVB3-induced heart damage. In contrast, CD1d-dependent mechanisms are protective in EMCV infection (5) . In this communication, we demonstrate that TNF-␣ is important in upregulating CD1d. This observation is consistent with TNF-␣ promoting pathogenicity in CVB3 infections, where CD1d-dependent responses cause autoimmunity induction, and with TNF-␣ protecting in EMCV infections, where CD1d-dependent responses are antiviral.
MATERIALS AND METHODS
Mice. C57BL/6 (B6), B6129SF2/J (B6;129), B6129-Tnfrsf1a tm1Mak (p55 TNFR Ϫ/Ϫ ), B6129S2-Tnfrsf1b tm1Mwm (p75 TNFR Ϫ/Ϫ ), and B6129S6-Tnf tm1Gkl (TNF-␣ Ϫ/Ϫ ) mice were purchased from Jackson Laboratories, Bar Harbor, Maine. Male mice, 5 to 7 weeks of age, were used for infection with CVB3 and endothelial cell isolation.
Virus and virus titrations. The H3 and H310A1variants of CVB3 were used (19) . Adult mice were infected by intraperitoneal injection with 10 4 , 10 5 , or 10 6 PFU of virus in phosphate-buffered saline (PBS) as indicated below. Animals were killed either 3 or 7 days after infection. Hearts and/or pancreases were removed. For some experiments, whole organs (heart and pancreas) from individual mice were homogenized in 0.9 ml of RPMI 1640 medium. Debris was removed by centrifugation at 300 ϫ g, and the supernatant volume was measured. For virus titration, 0.1 ml of the supernatant was serially diluted (1:10), and titers were determined by using the plaque-forming assay (19) . Virus titers per heart or pancreas were mathematically determined by multiplying the titer in 0.1 ml of supernatant by the total supernatant volume. The remaining supernatant was used for TNF-␣ determination as described below. In other experiments, hearts were weighed and then divided in two. Half of the heart was weighed and then homogenized for virus titration, while the remaining half was formalin fixed for histology. Enhanced green fluorescent protein (eGFP)-H3 virus was kindly supplied by Lindsay Whitton, Scripps Research Institute, La Jolla, Calif. (8) . ELISA. Supernatant from homogenized heart was evaluated for TNF-␣ by using a commercial enzyme-linked immunosorbent assay (ELISA) kit according to the directions of the manufacturer (Endogen; Pierce, Rockford, Ill.). Cytokine concentrations per heart were determined by multiplying the TNF-␣ in the 50 l of supernatant used for the ELISA by the total supernatant volume.
Histology. Hearts were fixed in 10% buffered formalin, sectioned, stained with hematoxylin and eosin, and evaluated for myocarditis by image analysis as described previously (19) .
Intracellular cytokine staining. The details of intracellular cytokine staining have been published previously (11) . Briefly, peripheral blood was taken from euthanatized mice by cardiac puncture into EDTA-PBS. For heart inflammatory cells, individual hearts were perfused with PBS and then minced finely and subjected to four sequential enzymatic digestions with 0.4% collagenase II (Sigma) and 0.25% pancreatin (Sigma) for 8 min at 37°C for each digestion. Lymphoid cells were isolated by centrifugation on Histopaque (Sigma Chemical Co., St. Louis, Mo.). Cells (10 5 ) were cultured for 4 h in RPMI 1640 medium containing 10% fetal bovine serum, 10 g of brefeldin A (BFA) per ml, 50 ng of phorbol myristate acetate per ml, and 500 ng of ionomycin (Sigma) per ml. After culture, the cells were washed in PBS-1% bovine serum albumin (BSA) (Sigma) containing BFA and incubated on ice for 30 min in PBS-BSA-BFA containing a 1:100 dilution of Fc Block and Cy-chrome-conjugated anti-mouse CD4 (clone GK1. 5 For analysis of cell surface molecule expression, inflammatory cells from the heart were labeled with the following antibodies from BD Biosciences/PharMingen: PE-Cy7-anti-NK1.1 (clone PK136), PE-anti-CD8a (clone OX-8), FITC-anti-V␥4 (clone UC3-10A6), and peridinin chlorophyll a proteinCy5.5-anti-CD11b (Mac-1␣ chain; clone M1/70). Band filters were 780 nm for PE-Cy7 and 695 nm for peridinin chlorophyll a protein-Cy5.5 using long pass filters of 735 and 685 nm, respectively.
Endothelial cell isolation and infection. Hearts and aortas were aseptically removed from eight euthanatized mice per group, pooled, perfused with 10 ml of warmed PBS, and then flushed slowly with 10 ml of 0.25% trypsin in PBS (37°C) over a 15-min period. The trypsinized cells were collected, washed once in RPMI 1640-10% fetal bovine serum (FBS), and then cultured on Matrigel (BD Biosciences)-coated 25-cm 2 tissue culture flasks (Fischer) in medium with 10% FBS, 5% horse serum, antibiotic antimycotic solution (Sigma), and L-glutamine. When confluent, cells were freed by using Dispase (BD-Biosciences) and then reseeded onto Matrigel-coated flasks at a 1:4 dilution. Cultures were used only to the third passage. Cells (10 5 )were plated in 96-well tissue culture plates coated with Matrigel overnight in a 37°C humidified CO 2 incubator. Cells were infected with virus at a multiplicity of infection (MOI) of 100 for 30 min, washed once with medium, incubated with 1 g of monoclonal anti-CVB3 (clone 8A6) (14) for 10 min, washed twice with medium, and then incubated for up to 24 h in medium with 10% FBS. Control cultures were not infected. Some cultures were also treated with 0 to 200 ng of TNF-␣ (PharMingen) per ml. Cells were recovered by Dispase treatment; washed; incubated with a 1:100 dilution of PE-anti-CD1 (clone 1B1l PharMingen), biotinylated anti-CD31 (PE-CAM-1) (clone MEC 13.3; PharMingen), and Cy-chrome-streptavidin (PharMingen) for 30 min; washed once with PBS-BSA; and resuspended in 2% paraformaldehyde for flow analysis. CD31 is a marker used to identify vascular endothelial cells (2) .
GFP-CVB3 can be used only when infecting cells with H3 virus, since the construct used the H3 plasmid (8) . For experiments using the H310A1 virus, isolated endothelial cells were labeled with anti-CD31 and anti-CD1d and then fixed for 10 min with 2% paraformaldehyde. The cells were resuspended in PBS-BSA-saponin containing 1 l of monoclonal anti-CVB3 (clone 8A6; IgM isotype (14) and Alexa 488 anti-mouse IgM.
Determination of cell death. The procedure for determination of cell death was adapted from that of Choi et al. (3) . Endothelial cells were infected with H3 or H310A1 virus as described above. Uninfected and H310A1-infected cells were also treated with 200 ng of TNF-␣ per ml for 24 h. Endothelial cells were isolated, washed with PBS, and resuspended in 200 l of binding buffer (10 mM HEPES [pH 7.4], 140 mM NaCl, and 2.5 mM CaCl 2 ). To each sample, 5 l of FITC-annexin V (PharMingen) was added, and the samples were incubated at room temperature for 10 min. Propidium iodide (PI) was added to the cells at a final concentration of 1 g/ml, and the cells were analyzed by flow cytometry.
Statistics. Data were analyzed for skewness and kurtosis by using the SPSS for Windows program (version 11.0, 2001; SPSS, Inc., Chicago, Ill.). Statistical analysis was done by Wilcoxon ranked score, since the variance was not normally distributed in many groups.
RESULTS
Increased virus inoculum in C57BL/6 mice enhances myocarditis susceptibility and correlates with TNF-␣ induction but does not result in increased cardiac virus titers. Previously, we have reported that C57BL/6 mice are relatively resistant to H3 virusinduced myocarditis when infected with 10 4 PFU of H3 virus, a dose which causes severe myocarditis in BALB/c mice (9, 12) . These studies investigated whether increasing the initial virus inoculum caused greater myocarditis susceptibility. Male C57BL/6 mice were injected with either 10 4 , 10 5 , or 10 6 PFU of H3 virus. Each group consisted of 8 mice per dose for uninfected animals and for animals 3 days after infection and of between 8 and 20 mice per group for mice 7 days after infection. Hearts were removed from four mice per group on days 0 and 3 for histology, and the remaining mice (four mice per group) provided hearts and pancreases, which were homogenized and used determination of virus titers and TNF-␣ evaluation by ELISA. Half of the mice surviving to day 7 were evaluated for histology, and the remaining animals were used to provide hearts and pancreases for virus titer determination and TNF-␣ analysis (Fig. 1) . There was no mortality in any group by day 3 after infection. By day 7, 0 of 8 mice infected with 10 4 PFU, 9 of 20 mice infected with 10 5 PFU, and 11 of 20 mice infected with 10 6 PFU had died. Few inflammatory cells were observed in the myocardium before day 7. Mice injected with both 10 5 and 10 6 PFU of virus developed statistically equivalent amounts of myocarditis by day 7, while animals infected with the lowest dose (10 4 PFU) had significantly less myocarditis than animals given the higher inocula. TNF-␣ concentrations were significantly increased in all virus-infected mice compared to uninfected animals, but the levels in hearts of mice given the dose of either 10 5 or 10 6 PFU were higher than those in mice injected with 10 4 PFU. TNF-␣ levels were elevated by day 3 despite minimal cardiac inflammation and were decreasing by day 7. Despite the substantial differences in myocarditis, cardiac virus titers were statistically equivalent between the groups given 10 4 , 10 5 , and 10 6 PFU at both days 3 and 7 after infection. In contrast, there was significantly more virus in the pancreases of mice given 10 5 and 10 6 PFU than in animals receiving 10 4 PFU, suggesting that increasing the initial virus inoculum may have distinct effects in different organs.
Myocarditis in transgenic mice. The rapid induction of TNF-␣ in the heart concurs with published reports that this cytokine is important in myocarditis susceptibility (21, 22) . No mortality occurred in the day 3 groups. Mortality at day 7 was 9 of 18 for C57BL/6, 5 of 10 for B6;129F2, 2 of 10 for TNF-␣ Ϫ/Ϫ , 1 of 10 for p55 TNFR Ϫ/Ϫ , and 3 of 10 for p75 TNFR Ϫ/Ϫ mice. Whole hearts and pancreases were weighed and used for determination of virus titers on day 3. Organs obtained on day 7 were weighed and divided for histology and determination of virus titers. For these studies, titers are reported as PFU per gram of tissue. Blood was obtained 7 days after infection. Lymphoid cells were isolated, stimulated with phorbol myristate acetateionomycin-brefeldin A, and then stained to determine the percentage that were positive for CD4, IFN-␥, and IL-4. TNF-␣ Ϫ/Ϫ mice had significantly less myocarditis and fewer CD4 ϩ IFN-␥ ϩ cells than B6;129F2 controls (Fig. 2) . p55 TNFR Ϫ/Ϫ mice also developed significantly less myocarditis than wildtype C57BL/6 mice, while there was no difference in myocarditis between C57BL/6 and p75 TNFR Ϫ/Ϫ animals, indicating that this receptor does not participate in the disease process. CD4 ϩ IFN-␥ ϩ cells were decreased in p55 TNFR Ϫ/Ϫ mice compared to either C57BL/6 (P Ͻ 0.05) or p75 TNFR Ϫ/Ϫ (P Ͻ 0.05) animals, which concurs with studies associating CD4
ϩ IFN-␥ ϩ responses with myocarditis susceptibility (16) . Although TNF-␣ has been reported to promote encephalomyocarditis virus clearance, no significant difference was observed between cardiac or pancreatic virus titers in the different animal groups. Although peripheral blood CD4 ϩ Th1 (IFN-␥ ϩ ) responses correlate to myocarditis susceptibility, the numbers of these cells in peripheral blood are modest. Confirmation that p55 TNFR Ϫ/Ϫ show reduced CD4Th1 in the heart is shown in Fig.  3 . Inflammatory cells were isolated from four individual mice ϩ , in contrast to the case for p55 TNFR Ϫ/Ϫ animals, which had none of these cells. All CD8 ϩ cells were also V␥4 ϩ . Approximately half of the V␥4 ϩ cells were negative for both CD8 (Fig. 3 ) and CD4 (data not shown). Figure 4 gives representative histology of the cardiac inflammation in the control (C57BL/6 and B6;129F2) and transgenic (TNF-␣ Ϫ/Ϫ , p55 TNFR Ϫ/Ϫ , and p75 TNFR Ϫ/Ϫ ) mice. Both control strains and p75 TNFR Ϫ/Ϫ mice showed substantial interstitial inflammation, while few inflammatory cells were obvious in TNF-␣ Ϫ/Ϫ or p55 TNFR Ϫ/Ϫ mice. TNF-␣ and the p55 TNFR are necessary for CD1d induction in infected endothelial cells. V␥4 ϩ T cells selectively infiltrate the hearts of myocarditis-susceptible mice, and previous studies have shown that this population is CD1d restricted (15, 16) . The lack of V␥4 ϩ cells in p55 TNFR Ϫ/Ϫ mice provided circumstantial evidence that TNF-␣ might regulate CD1d expression during CVB3 infection. The roles of TNF-␣ and virus infection in CD1d induction were investigated. First, vascular endothelial cells were isolated from the hearts and aortas of C57BL/6 mice. The purity of the population was determined by staining with anti-CD31, an endothelial cell marker (2) , and demonstrated that the cell population contained 89.5% CD31 ϩ cells. Endothelial cells were either uninfected or infected with H3 or H310A1 virus at an MOI of 100 and then were cultured for 0, 12, and 24 h (Fig. 5 ). Supernatants were retrieved and assayed for TNF-␣. Uninfected endothelial cells released no cytokine during the 24 h. Both H3-and H310A1-infected cells produced TNF-␣, but approximately eightfold more cytokine was released by the H3-compared to the H310A1-infected cells. Next, endothelial cells were isolated from C57BL/6 and transgenic mice and then infected with eGFP-CVB3 at an MOI of 100. Figure 6 shows that virus infection does not upregulate CD1d expression in endothelial cell cultures from TNF-␣ Ϫ/Ϫ or p55 TNFR Ϫ/Ϫ transgenic mice. Endothelial cells from C57BL/6 and p75 TNFR Ϫ/Ϫ mice were fully capable of upregulating CD1d when infected. Although this study shows that TNF-␣ is necessary, it does not indicate whether this cytokine is sufficient for CD1d induction. To investigate this point, C57BL/6 endothelial cells were either uninfected or infected with either the H3 (myocarditic) or H310A1 (nonmyocarditic) variant at an MOI of 100. Half of endothelial cell cultures were treated with 200 ng of TNF-␣ per ml. Figure 7 shows that either TNF-␣ treatment or H310A1 virus infection of C57BL/6 endothelial cells alone only modestly upregulated expression of CD1d. However, TNF-␣ treatment of H310A1-infected cells induced amounts of CD1 equivalent to those in H3 infection. Figure 8 shows a dose response for TNF-␣ induction of CD1d in H310A1-infected C57BL/6 endothelial cells. Cells were infected with H310A1 at an MOI of 100 and treated with between 0 and 200 ng of cytokine per ml for 24 h. Cells were retrieved and labeled with anti-CD31, anti-CD1d, and anti-CVB3. With gating on the CD31 ϩ (endothelial cell) population, the percentage of endothelial cells which were infected and expressed CD1d was determined and is shown in the upper panel of Fig. 8 Ϫ population. Uninfected, infected, uninfected and TNF-␣-treated, and infected and TNF-␣-treated cells were produced as described above. The cells were labeled with annexin V and PI to determine live and dead cells (Fig. 9) . Only 3.7% of uninfected endothelial cells were dead (annexin V ϩ PI ϩ ), compared to 18.6 and 24.2% in H3-and H310A1-infected cultures, respectively. TNF-␣ treatment, either alone or with H310A1, did cause greater cell death than infection alone, but this slight increase does not correlate with the pattern of CD1d expression.
DISCUSSION
TNF-␣ and IL-1␤ are proinflammatory cytokines which strongly promote myocarditis susceptibility in mice (21, 22) . Exogenous administration of these cytokines causes myocarditis-resistant mice to develop the disease. This communication shows that TNF-␣ promotes susceptibility to coxsackievirus B3-induced myocarditis through the p55 TNFR. The effect on myocarditis susceptibility is independent of virus titers, either early (day 3) or late (day 7), in the pancreas or heart. One of the interesting observations is that while C57BL/6 mice infected with relatively small amounts of virus (10 4 PFU/mouse) are myocarditis resistant, as has been shown previously (9) , increasing the initial virus inoculum to 10 5 or 10 6 PFU per mouse results in substantial myocarditis susceptibility. The increased disease susceptibility is not apparently due to increasing cardiac virus titers, since mice given all three virus doses showed equivalent virus titers in the heart at 3 and 7 days after infection. Rather, increasing susceptibility with inoculum size causes substantial augmentation of TNF-␣ levels in the heart even 3 days after infection, when inflammatory cells are not extensive. Analysis of the infiltrating cell populations in C57BL/6, p55 TNFR Ϫ/Ϫ , and p75 TNFR Ϫ/Ϫ mice shows that the C57BL/ 6 and p75 TNFR Ϫ/Ϫ animals have significant infiltration with CD4 ϩ IFN-␥ ϩ , Mac-1 ϩ , and V␥4 ϩ cells. Only the Mac-1 ϩ cells predominate in the myocarditis-resistant p55 TNFR Ϫ/Ϫ mice. It is therefore intriguing that two closely related CVB3 variants differ markedly in their ability to induce myocarditis and also vary markedly in their ability to upregulate TNF-␣ expression. The H3 and H310A1 variants differ by a single noncon- served mutation at amino acid 165 in the VP2 protein (19) . This asparagine (H3)-to-aspartate (H310A1) mutation occurs in a VP2 puff region associated in CVB3 with virus receptor (decay-accelerating factor [DAF]) binding (1, 23) . The H310A1 variant was derived from the H3 variant as an antibody escape mutant by using a monoclonal antibody (clone 10A1) to the virus receptor (28, 30) . H310A1 has significantly reduced receptor binding avidity compared to the H3 virus. Since antibody cross-linking of DAF activates tyrosine kinase pathways (4), it is highly likely that the H3 and H310A1 variants differ in their ability to transduce signals through DAF. Both virus and TNF-␣ signal pathways are necessary for CD1d induction, since treating endothelial cells with the cytokine alone poorly upregulated this molecule, while both TNF-␣ treatment and H310A1 infection strongly induced CD1d expression. H3-infected cells already express high levels of CD1d compared to H310A1 virus-infected cells, and extra TNF-␣ had minimal effect on expression. T cells expressing the V␥4 ϩ T-cell receptor have been previously shown to play an essential role in myocarditis susceptibility (15, 16, 18) . These effectors selectively recognize CD1d, a major histocompatibility complex class 1-like molecule which is important in innate immunity (5-7). CD1d
Ϫ/Ϫ mice infected with H3 virus develop minimal myocarditis compared to CD1d ϩ / ϩ animals and fail to activate V␥4 ϩ cells (15) . The V␥4 ϩ cells infiltrate the H3 virus-infected myocardium within 3 days of virus injection, making these effectors the earliest T cells entering the heart (17). They are highly effective in killing infected but not uninfected cardiac myocytes, and this cytotoxicity is blocked by antibody to CD1d but not by antibodies to the classical major histocompatibility complex class I (H2K/D) and class II (H2 IA/IE) antigens (10, 15) . Thus, rapid infiltration of infected organs by these innate effectors could aid in rapid control of virus prior to development of the adaptive immune response. This may be a reason why increasing the virus inoculum fails to result in increased cardiac virus titers. If V␥4 ϩ cells infiltrate the heart at the higher virus inocula but not at the lower dose, the V␥4 ϩ cells may be effective in limiting virus expansion.
